Effect of base isolation on the response of torsionally coupled system under harmonic base excitation is investigated with the help of a 3-D idealized model of building. The base isolator of the building allows translational as well as rotational displacements at the base level of the building model. The hysteretic force deformation characteristics of the bearing are modeled by coupled non-linear differential equations. The responses of the base isolated system are compared with that of the fixed base system in order to study the effectiveness of base isolation. The investigation showa (i) the response of base isolated system for different frequencies of base excitation with respect to fixed base frequencies of the system, (ii) the difference in the response obtained by considering and ignoring the interaction between the restoring forces of the elastomeric bearings and (iii) the effect of torsional coupling on the effectiveness of base isolation.
INTRODUCTION
The use of base isolators for aseismic design of structures has attracted considerable attention in recent years. The main concept is to isolate the structure from ground instead of the conventional techniques of strengthening the structural member. This new design methodology appears to have considerable potential in preventing earthquake damage of structure and their internal equipment. The devices which isolate the structure at its base have two important characteristics horizontal flexibility and energy absorbing capacity. Flexibility as such reduces the natural frequency of the structure lower than the energy containing frequencies of earthquake excitation. Energy absorbing capacity reduces both base displacement and seismic energy being transmitted to the building. In designing a base isolated structure the aims are: (1) to provide a relatively stiff superstructure that will behave like a rigid body with little interstorey drift and (2) to concentrate most of the horizontal deformation to the flexible mounting that supports the structure. One of the most attractive devices is the laminated rubber bearing which offers various advantages, such as lower cost than other devices, simplification of layout and high damping at small level of amplitude. Among the different types of bearings, the laminated rubber bearing (LRB system) or the lead rubber bearing system has been used widely in New Zealand. The effectiveness of base isolation has been demonstrated both experimentally6), 8), 13) and analytically1)-4),7),12). In the past twenty years. many practical base isolation devices have been provided in many buildings. An excellent review on base isolation is presented by Kelly5).
The analytical works on base isolation of buildings deal with 2-D idealization which is strictly valid for symmetric buildings or, buildings with very small eccentricity or, buildings torsionally very stiff. Very few analytical works are reported on the seismic base isolation of 3-D building models. Pan and Kelly11) studied the effect of eccentricity on the elastic response of torsionally coupled base isolated system. Recently, Nagarajaiah and et al. 8) studied the nonlinear response of 3-D base isolated building to EL Centro earthquake motion. Clearly, there is a lack of studies on the subject especially in exploring the parametric behaviour of torsionally coupled base isolated system.
Here-in, the parametric behaviour of a 3-D torsionally coupled hysteretic base isolated system is investigated under harmonic ground motion. In specific terms, the objectives of the study are: (i) to show how the variation of response of such base isolated system is influenced by the ratio of excitation frequency to system frequency (fixed base), (ii) to distinguish between the response characteristics of torsionally coupled and uncoupled base isolated systems, (iii) to investigate the behaviour of base isolated system under different important parametric variations and (iv) to illustrate how the bidirectional interaction of restoring forces in the bearing effect the response of base isolated building model as compared to the response without interaction (uniaxial model of bearing). Fig. 1 shows the structural system considered, which is an idealized one storey building model mounted on isolator. The rigid deck mass is supported by columns. Each column has the same stiffness in the two principle directions. The torsional mass of the deck is varied to provide various uncoupled torsional to lateral frequency ratio (for fixed base). This is accomplished by introducing additional lumped masses symmetrically arranged about the centre of mass of the rigid deck. By manipulating the distance of the lumped masses from the centre of mass, the torsional mass of the deck is varied without disturbing the position of the centre of mass. Note that the size and mass of the rigid deck and the base slab, as well as the total lumped masses corresponding to the translational degrees of freedom remain unaltered. Consequently, the layout of the isolators remains unaffected when the torsional mass is varied to change the uncoupled torsional frequency of the fixed base system. The force deformation characteristics of the columns is assumed to be elastic.
The base isolator consists of an array of elastomeric bearings arranged between the base mass and the foundation as shown in Fig. 2 . The stiffness distribution of the columns is symmetric about the x-axis but not about the y-axis, as a result the system will display torsional effect when excited in the lateral direction -y. Two lateral, ux and uy and one rotational, ue degrees of freedom are considered at the center of the deck mass (relative to the base mass). The isolator permits the base motions relative to the ground in two lateral directions i. e. in directions ubx and uby and a rotation ube about the vertical axis as shown in Fig. 1 . b. Further, the isolator is assumed to carry the vertical load without undergoing any vertical deformation. A corresponding fixed base system or unisolated system is the same system without elastomeric bearing and base mass restrained against all movements.
Let kix and kiy represent the lateral stiffness of the i th column in x-and y-directions. Then Kx=Ekfx and K=kiy (1) are the lateral stiffness of the fixed base system in the x-and y-directions, respectively. Let xi and yi denote the x-and y-coordinates of i th column with respect to the center of the mass, respectively. Then, the total torsional stiffness of the system defined at the center of the mass is given by Ke=(kixy+kiyxi2) (2) in x-and y-directions, respectively; a is the post to pre-yielding stiffness ratio; ko=Q/q is the initial stiffness; Q and q are the yield force and displacement to the bearings respectively; Zxi and Zyi satisfy the following coupled non-linear first order differential equations (7) in which, 3, z and A are the parameters which control the shape and size of hysteresis loop. sgn denotes the signum function. The force displacement behaviour of elastomeric bearing can be modeled by selecting properly the parameters Q, q, a, /3, z and A. An additional viscous damping is assumed to be provided by the individual bearing in the lateral directions.
Two typical smooth hysteresis loops of bearing using Equations (5)- (7) under sinusoidal displacement of amplitude 0. 1 m and frequency of 1 Hz. in x-and y-directions are shown in Fig. 3 . The parameters are: Q=250 ton, q=0. 025 m, a=0 (elasto-plastic), /3=z=0. 5/g2 and A=1. The loop for no interaction case represents the independent uniaxial model of bearing in two orthogonal directions reported in Reference 14). This is obtained by neglecting the effect of force interaction i. e. by replacing the off-diagonal element of the matrix, [G] in Equation (7), by zero. The difference between the two hysteresis loops is that when the force interaction is taken into account the bearing starts yielding at the lower value of yield strength.
Equations of Motion The equations of motion of the system under consideration are written as
are the lumped mass, stiffness and damping matrices corresponding to the DOF at the deck; {u}=[ux, uy, u0]T, vector of displacements at the deck relative to the base mass; [Mb] and [Cb] are the lumped mass and damping matrices corresponding to the DOF at the base mass; {Fb} is the total force vector of restoring force mobilized in the elastomeric bearing; {ub}=[ubx, uby, uby] T; {u8}=[ugx, ugy]T, u and ii 9y are the random ground accelerations in x-and y-directions respectively; and [y] is the matrix of earthquake infiluence coefficient. The stiffness matrices, [K], restoring force vector, {Fb} and damping matrix, [Cb] are written as
[k1]=diag[k1, kiy]
[Ti]= are the transformation matrices for column and bearing, respectively; and xbi and ybi denote the x-and y-coordinates of the i th bearing with respect to the center of base mass, respectively. Fxi and Fyi are the restoring force of the i th bearing in x-and y-directions, respectively which are obtained from Equations (5)- (7). Although, a torsional moment develops at each bearing, but the contribution of this torsional moment to the total torque exerted at the base mass is insignificant and hence, it is not included. The moments of Fxi and Fyi about the center of the base mass are assumed to provide the base torsional restraint. cixb and ciyb are the viscous damping of the i th bearing in x-and y-directions, respectively. cixb and ciyb are given as1),2)
ixb and iyb are the damping constants of the bearing in x-and y-directions, respectively; mib is the lumped base mass on the bearing.
Incremental solution procedure Since the restoring forces of the elastomeric bearings are nonlinear functions of the displacement and velocity, the equations of motion are to be solved in the incremental form. Newmark's /B method9) is chosen for the solution of differential equations of motion, assuming the linear variation of acceleration over small time interval, ot. In the incremental form, equations (Equations 8-9) can be written as 
(32) In order to solve incremental Equation (26), Pu and oPub as given by equations (31) and (32) should be known at any time step. Since oPub involves incremental hysteretic displacement component, {5Zi} for each bearing, which in turn depend on incremental based displacement {oub} at the current time step, an iterative procedure is required to obtain the incremental solution. In the iterative procedure, the value of {aZi} at each time step is obtained by solving Equation (6) 
When the convergence criterion is satisfied, the incremental vectors {ou}, {oub}, {oh) and {Oub} are obtained from Equations (25) and (26). With {Oub}, {Oub} and {0Z ) known, {0F } and {0F5} are calculated using Equations (2 ) and (22), and added to the values of {Fi} and {Fbi} at the previous time step to obtain these at the current time step. Finally, the acceleration vectors {u} and {ub} for the current time step are evaluated directly from the equations (8) and (9), respectively.
PARAMETRIC STUDY
A large number of parameters influence the responses of the system. Effects of only a few important parameters are considered here which predominantly influence the torsional coupling and base isolation characteristics. They are: uncoupled time period (Tm), ratio of torsional to lateral frequency of fixed base (welwx), mass ratio (mb/m), eccentricity ratio (ex/d), level of the yield strength of bearing (Q), post to pre-yielding stiffness ratio (a) and ratio of excitation frequency to uncoupled fixed base frequency (Q/wx). The specifications for the values of the other parameters (held constant throughout) are: m =40 ton. sect/m; b=d=6m; number of hysteretic dampers, N=4; modal damping for the super-structure=5% for all modes; viscous damping ixb= iyb= 0%; q=0. 025 meter; /3=0. 5/q2; r=0. 5/q2; and A= . Note that the elastomeric bearings are symmetrically placed below the base mass.
In order to study the effectiveness of base isolation and the effect of torsional coupling, it is convenient to express the response in terms of the ratio rather than plotting their values. For this purpose, response ratio R is defined as R=-Maximum response of asymmetric base isolated system Maximum response of corresponding fixed base system
The response ratio R is an index of the performance of base isolation system and the value less than unity indicates that the base isolation is effective. The earthquake excitation is considered as a harmonic ground motion with amplitude of 0. 25 g in x-and y-directions. Since the two components of ground motions are the same, the effect of torsional coupling on the response of asymmetric base isolated system is primarily exhibited in the response corresponding to the displacements u, uby (which are perpendicular to the direction of eccentricity) and Us, ube. Note that for the case of symmetric base isolated system, effectiveness of base isolation will be identical for displacements in x-and y-directions.
For the parametric study, sinusoidal ground acceleration in the two directions i. e. ugx-uqg-0. 25 gsin(Qt) and the values of excitation frequency, Q are taken as 0. 25 wx, wx and 2 wx; in which wx is the fixed base natural frequency defined in Equation (3) . In addition, the effect of post to pre yielding ratio, a which defines the bi-linear stiffness characteristics of the bearings, is also investigated.
Since the base isolators undergo inelastic deformation during earthquake, the system does not have unique natural frequencies and mode-shapes. However, in order to get an estimate of the amount of flexibility introduced to the system by the isolators, the natural frequencies of the base isolated structure obtained by considering the initial stiffness (tangent stiffness) of the isolators are compared with those of the fixed base system in Table . In the same table, the mode-shapes coefficients of the base isolated system are also shown. It is observed from the table that the fundamental period of the isolated system is elongated by about 43% compared to the fixed base system. Further, all the modes of the system are found to be coupled.
Before conducting the parametric study, the influence of harmonic excitation frequency, Q on the response of the base isolated system is studied.
Influence of Si on the Effectiveness of Base Isolation The variations of R for the response ux with frequency ratio SZ/wx fpr uncoupled time period, Tx =0. 5, . 0 and . 5 second are shown in Fig. 4 . The nature of variation is similar for all values of uncoupled time period, Tx. However, the response ratio is higher for higher value of Tx. Thus, base isolation is more effective for relatively rigid structure. It is to be noted that base isolation is effective in the range of excitation frequency Q/wx>0. 5 except for very flexible structure i. e. Tx =1. 5 sec. Further, the response ratio becomes Table minimum when the frequency ratio is nearly unity. This is the case because at Q/wx=1, the response of the fixed base system becomes maximum due to resonating effect and therefore, the value of the response ratio for response ux becomes minimum. For very low frequency of excitation (Q/wx<0. 5), the base isolation becomes ineffective for the structure which is not very flexible (i. e. Tx<1. 5 sec).
The variations of R for u and uB against frequency ratio, Q/wx are shown in Fig. 5 and 6 , respectively. The variations are similar to that for response ux as shown in Fig. 4 , except the difference that the response ratios become minimum not at exactly Q/wx=1, but in the vicinity of it. This happens due to the effect of torsional coupling.
Effect of Eccentricity The variations of R for responses u, and ue with eccentricity are shown in Fig. 7 . The ratio R for the Fig. 4 Variation of response ratio R for response u. ex/d=0. 25, mb/m=2, w0/w1, Q=50 ton and a=0. Fig. 5 Variation of response ratio R for response u. e /d=0. 25, mb/m=2, w5/w1, Q=50 ton and a=0. Fig. 6 Variation of response ratio R for response ue. e/d=0. 25, mb/m=2, w0/w1, Q=50 ton and (Y=n Fig. 7 Variation of ratio R for uy and ue against ex/d. Tx=1 sec., mb/n=2, w0/w-1, Q50. ton and a=0. response u increases with the increase in ex/d. Same observation holds good for torsional response, u0. Thus, the effectiveness of base isolation is reduced for higher eccentricities. The influence of eccentricity on R depends upon the frequency of excitation. Note that the value of R for zero eccentricity shows the effectiveness of base isolation if the model shown in Fig. 1 were idealized as 2-D system independently in the two directions (x and y). The figure clearly indicates that the effectiveness of base isolation is overestimated if the effect of torsional coupling is ignored and the system is idealized as 2D-model.
Effect of mass ratio (mb/m) In Fig. 8 , the variations of R for responses u1, and ue are plotted against mass ratio, mb/m. It is observed that as the base mass increases, response of the system decreases for all values of Q/wx ratio. For higher frequency of excitation i. e. Q/wx=2, the effect of mass ratio is more pronounced.
Thus, the effectiveness of base isolation increases as the base mass of the system increases.
Effect of w0/wx ratio In Fig. 9 , the variations of R against we/wx are shown. we is varied by changing the torsional mass of the deck without affecting the layout of the Fig. 10 , R is plotted for responses uy and ue against the parameter, Q of the bearing. The ratio R increases with the increases in Q showing less effectiveness of base isolation. It is due to the fact that for low values of the yield strength parameter, system undergoes more cycles of hysteresis loop leading to more energy dissipation. As a result, the response of the system is decreased and the value of R is reduced. Effect of Stiffness Parameter, a In Fig. 11 , the variation of R is plotted against the parameter a. It is obseved that the effectiveness of base isolation decreases as a increases. The effectiveness is maximum at a=0 (which is the case of elasto plastic bearing).
Effect of Restoring Force Interaction In Fig. 12 , responses uy, ue and uby and ube are plotted against excitation frequency for the yield strength parameter Q=10, 50 and 100 ton for two cases (i) when the interaction between the restoring forces in the two directions (x and y) is considered on the force deformation relationship and (ii) when this interaction is ignored. For no interaction case, the off diagonal terms (which couples the restoring force in the two directions) of matrix [G] in Equation (7) are taken as zero resulting in a uniaxial model of the bearing in the two directions. The responses uy, ue and ube are more for the case when interaction effect is not considered in the analysis. Thus, if the interaction effect is ignored, the effectiveness of base isolation is underestimated. Note that the base displacement uby is less for no interaction case. Further, the 
CONCLUSIONS
The nonlinear response of a torsionally coupled base isolated system to harmonic base excitation is obtained and its behaviour is investigated for a set of important parametric variations. In particular, the influence of harmonic excitation frequency on the effectiveness of base isolation is examined. The effectiveness of base isolation is studied by comparing the responses of base isolated system with those of the fixed base system. The results of the study lead to the following conclusions (1) For low values of uncoupled time period of fixed base system, the isolation is effective for the range of frequency greater than 0. 5 times the uncoupled fixed base frequency. The effectiveness of base isolation becomes maximum under resonating condition. (2) The effectiveness of base isolation increases with the increase in base mass. (3) Effectiveness of base isolation decreases with the increase in the eccentricity of the system. (4) Effectiveness of base isolation in reducing torsional response significantly, increases with the increases in we/wx (in the range 0<we/wx <1) for excitation frequency Q>0. 5wx. (5) The effectiveness of base isolation decreases with the increase in yield strength of the bearing. (6) Post to pre-yielding stiffness ratio of the bearing signifying the hysteretic behaviour of the base isolation system considerably influences the effectiveness of base isolation for low values of the excitation frequency. (7) The restoring force interaction between two principal directions influences the response of torsionally coupled base isolated system and is significant near resonating condition.
